We report the observation of a magnetic moment on vanadium embedded in copper. Using x-ray-absorption spectroscopy and x-ray magnetic circular dichroism we show that the vanadium atomic magnetic moment is strongly dependent on the formation temperature of the VCu alloy. The absorption spectra allow us to distinguish the electronic transitions which are the signature of the magnetic state from the nonmagnetic states. We discuss the temperature dependence of the magnetic moment of vanadium and show that alloys prepared at 250 and 270 K do follow a ferrimagnetic behavior rather than a Curie-Weiss law. DOI: 10.1103/PhysRevB.67.052408 PACS number͑s͒: 75.75.ϩa, 75.50.Ss, 75.70.Ak, 78.70.Dm The study of the magnetic properties of vanadium in other forms than its well known bcc paramagnetic structure such as in free and supported clusters, surfaces, multilayered compounds and alloys is subject of intense debate and extensive research. For example, vanadium on surfaces has been predicted to be nonmagnetic, 1 ferromagnetic, 2 antiferromagnetic, 3-5 and paramagnetic, 6 whereas experimental results evidence ferromagnetic, 7 antiferromagnetic, 8,9 and nonmagnetic 10,11 behavior. Also the results for the magnetic properties of small V clusters 1, 8, [12] [13] [14] are contradictory while very little is known about the magnetic properties of V compounds and alloys. 15 It has been shown that the magnetic properties of vanadium on surfaces, in clusters and alloys are strongly related to the local geometry ͑i.e., coordination number and neighbor distances͒ 1, [12] [13] [14] 16 and the resulting electronic structure. This dependency is such that the vanadium, being nonmagnetic in its bulk form, could become magnetic when associated with other nonmagnetic elements such as copper. The theoretical prediction of the violation of Hund's third rule and antiparallel V spin and orbital moments in VAu 4 alloy 17 together with the discrepancy between different theoretical approaches 18, 19 have made the magnetic properties of V compounds and alloys one of the challenging problems in solid-state physics and material science. Most surprising are the strongly enhanced magnetic moments of vanadium impurities in thin films of sodium and potassium as measured by anomalous Hall effect. 20 The understanding and tailoring of the magnetic properties of small particles for their further integration into magneto-optical and highdensity data storage devices 21 is an important motivation for the study of VCu compounds since their magnetic properties might fit the sought after requirements for incorporation into modern magnetic devices. As a consequence, there is an urgent need of new studies and in particular new experimental results on the magnetic properties of V systems. [17] [18] [19] In this report we present an x-ray-absorption spectroscopy ͑XAS͒ and x-ray magnetic circular dichroism ͑XMCD͒ study of VCu alloy. We show that depending on the deposition temperature, different V species can be formed and that the magnetic properties of the alloy strongly depend on the presence of some of these species. We find that the temperature dependence of the magnetic moment does not follow a ͑su-per͒paramagnetic law but rather a ferrimagnetic behavior.
The study of the magnetic properties of vanadium in other forms than its well known bcc paramagnetic structure such as in free and supported clusters, surfaces, multilayered compounds and alloys is subject of intense debate and extensive research. For example, vanadium on surfaces has been predicted to be nonmagnetic, 1 ferromagnetic, 2 antiferromagnetic, [3] [4] [5] and paramagnetic, 6 whereas experimental results evidence ferromagnetic, 7 antiferromagnetic, 8, 9 and nonmagnetic 10, 11 behavior. Also the results for the magnetic properties of small V clusters 1, 8, [12] [13] [14] are contradictory while very little is known about the magnetic properties of V compounds and alloys. 15 It has been shown that the magnetic properties of vanadium on surfaces, in clusters and alloys are strongly related to the local geometry ͑i.e., coordination number and neighbor distances͒ 1, [12] [13] [14] 16 and the resulting electronic structure. This dependency is such that the vanadium, being nonmagnetic in its bulk form, could become magnetic when associated with other nonmagnetic elements such as copper. The theoretical prediction of the violation of Hund's third rule and antiparallel V spin and orbital moments in VAu 4 alloy 17 together with the discrepancy between different theoretical approaches 18, 19 have made the magnetic properties of V compounds and alloys one of the challenging problems in solid-state physics and material science. Most surprising are the strongly enhanced magnetic moments of vanadium impurities in thin films of sodium and potassium as measured by anomalous Hall effect. 20 The understanding and tailoring of the magnetic properties of small particles for their further integration into magneto-optical and highdensity data storage devices 21 is an important motivation for the study of VCu compounds since their magnetic properties might fit the sought after requirements for incorporation into modern magnetic devices. As a consequence, there is an urgent need of new studies and in particular new experimental results on the magnetic properties of V systems. [17] [18] [19] In this report we present an x-ray-absorption spectroscopy ͑XAS͒ and x-ray magnetic circular dichroism ͑XMCD͒ study of VCu alloy. We show that depending on the deposition temperature, different V species can be formed and that the magnetic properties of the alloy strongly depend on the presence of some of these species. We find that the temperature dependence of the magnetic moment does not follow a ͑su-per͒paramagnetic law but rather a ferrimagnetic behavior.
VCu alloys were prepared in an ultrahigh vacuum ͑UHV͒ preparation chamber operating in the 10 Ϫ10 mbar. Controlled coevaporation of vanadium and copper was performed on a Cu͑100͒ surface cleaned by standard cycles of Ar ϩ sputtering and annealing. The stoichiometry was controlled in situ by measuring the evaporation rate of both the copper and the vanadium evaporator. The calibration was performed using a quartz microbalance and before each sample preparation. Here we present the results for samples with a stoichiometry Cu 96.7 V 3.3 . After evaporation, the surface of the VCu alloy was capped with a few monolayers of copper in order to prevent possible oxidation. Afterwards the samples were transferred quickly under UHV into the analysis chamber which remained in the low 10 Ϫ11 mbar during measurements. The magnetic characterization of the VCu alloys was performed using XMCD in total electron-yield mode on beamline ID08 of the European Synchrotron Radiation Facility ͑ESRF͒ at Grenoble. The applied magnetic field of 7 T was parallel to the incident x-ray beam and its direction was reversed between two successive photon-energy scans. The polarization rate was 99.9% and the absence of any contaminants ͑in particular of magnetic contaminants Cr, Fe, Ni, and Co͒ was carefully checked using XAS. Figure 1 displays the V L 2,3 XAS measured for VCu alloys prepared at different temperatures. For comparison also the spectrum of an oxidized alloy is shown. The spectral shape of the XAS changes significantly with deposition temperature. The peak intensity for the alloys is at lower photon energy than the oxidized sample as is expected from the chemical shift. The samples prepared at 250 and at 300 K display a dominant L 3 feature centered at 518.3 and 516.5 eV, respectively, and the sample prepared at 270 K has both features present in the XAS.
The absorption signal at these energies corresponds to electronic transitions from the 2p core level to empty 3d states. The differences in the XAS reveal therefore the existence of distinct electronic structures, i.e., different V species that can be either magnetic or nonmagnetic. The latter ones can be separated out, because only the magnetic species will give an XMCD signal. The influence of the deposition tem-perature on the formation of different vanadium species can be understood in terms of vanadium migration. Even though for the dilute V concentration a random distribution would lead to single, isolated atoms, at increased temperatures the vanadium atoms are likely to migrate due to their thermal mobility and form clusters of larger sizes. The electronic structure and consequently the magnetic properties, which are very dependent on the size of the cluster, 1, 8, [12] [13] [14] are expected to change strongly with the formation temperature of the alloy.
This behavior was further investigated by studying the magnetic properties of the samples prepared at different temperatures using XMCD. In Fig. 2 we present the absorption spectra ͑measured at 11 K͒ corresponding to the sample prepared at 250 K. The upper panel shows the absorption spectra measured with circularly polarized x-rays for opposite magnetic fields and the lower panel displays the resulting difference spectra, i.e., the XMCD (ϫ30) corresponding to the samples prepared at 250, 270, and 300 K. The nonvanishing XMCD spectra corresponding to samples prepared at 250 and 270 K are a clear proof that the vanadium atoms have a magnetic moment in these samples. Interestingly, the sample prepared at 300 K as well as the oxidized sample did not give an observable magnetic signal. This is consistent with the aforementioned idea of migration of V atoms at high temperatures and the formation of bigger V clusters up to the limit of nonmagnetic bulk vanadium. It is interesting to note that the XMCD signal is relatively intense considering the small amount of V present in the samples. Furthermore, the spectral shape of the XMCD for the two magnetic samples was the same and resembled the shape measured for V deposited on Fe͑100͒, 11 VFe alloy, 22 and Fe/V multilayers 23 and superlattices. 24, 25 This is an important observation, since for those systems it is generally assumed that the magnetic moment on the vanadium atoms arises due to the induced polarization from neighboring Fe atoms. Our results rather suggest that-even though magnetic neighbors can participate in the polarization of vanadium atoms-this is not the only mechanism involved in the polarization of the vanadium atoms.
We now turn to Fig. 3 which shows the change in the V magnetic moment with temperature T for the two magnetic alloys. Here we have extracted the magnetic moments from the XMCD signals assuming that the maximum of the normalized dichroic signal is proportional to the magnetic moment 11 with the scaling factor obtained from a reference sample with known magnetic moment. 24 This procedure is not perfect but probably the best one can do. In reality the XMCD signal integrated over the L 3 edge is proportional to S z ϩ3L z ϩ7T z , 26 where S z , L z , and T z are the spin moment, orbital moment, and magnetic dipole moment, respectively. In atomiclike species, L z and T z can give a large contribution. 27 In addition, for vanadium the second sum rule 28 cannot be applied due to the strong mixing between the 2 p 3/2 and 2 p 1/2 states which are separated by a relatively small 2p spin-orbit splitting. The chosen procedure might include some systematic uncertainties, however, it gives vanadium magnetic moments that are in good agreement with previous results: the highest value for the atomic vanadium moment found in this work (Ϸ1.1 B ) compares quite well with the magnetic moment measured in V/Fe superlattices 24, 25 (ϳ1 and ϳ1.1 B , respectively͒, hyperfine V particles 8 (ϳ1.25 B ) in the dilute V limit, and the calculated value for the VAu 4 alloy 17 (ϳ1.7 B ). It is clear that the formation temperature has a large influence on the V magnetic moment and that the sample prepared at lower temperature is more magnetic. Again this is can be understood in terms of the tendency of the vanadium atoms to form nonmagnetic clusters at higher temperatures. As a general trend, we observe a very strong vanadium susceptibility and a magnetic moment that decreases very rapidly with temperature in the low-temperature regime and then decays slowly for T Ͼ50 K.
The question that now arises is which mechanism is responsible for the strong variations observed in the atomic magnetic moment of vanadium. Due to the influence of the formation temperature on the magnetic moment, it seems reasonable to search for a thermodynamical explanation. This could be a mechanism where after deposition, and depending on the temperature, the vanadium atoms migrate and form bigger clusters with considerably reduced magnetic moments. Such a mechanism would explain the reduction of the magnetic moment with increasing temperature. The characteristics of such a change would be a strong modification of the XAS ͑such as for the different formation temperatures͒. However, after the VCu compound formation ͑i.e., after the deposition was performed͒ and during the measurements, when the temperature was tuned, no measurable change in the XAS could be observed indicating that the alloy is thermodynamically stable over the explored temperature range. Since the magnetic moment clearly increases with 1/T, it is tempting to assume a paramagnetic system where the alignment of the magnetic moments is determined by the magnetic field instead of by the thermal disorder. In order to investigate the possible origin of the temperature dependence of the vanadium magnetic moment, we fitted the data points in Fig. 3 assuming a paramagnetic system. The results are displayed in Fig. 4 which shows the temperature dependence of 1/ for the two magnetic samples. For a paramagnetic type of system, we can assume that is proportional to the magnetic susceptibility . Therefore we have fitted the data points by a 1/ law where is given by the Curie-Weiss law ϭC/(TϪ). The corresponding fits are displayed by the dashed lines. It can be observed that these fits are rather poor, especially at low temperature. The values obtained for the Weiss temperature were close to ϷϪ60 K. Apart from the fact that the best fits do not take correctly into account the data points at the lowest temperatures ͑note that these are the most accurate points͒, the resulting values for are too large to correspond to a paramagnetic or a superparamagnetic regime ͑usually Ϫ10ϽϽ10 K). Since at high temperatures the alloy obeys a Curie-like law quite well, we tentatively fitted the data using a full Curie law in order to reduce the discrepancy at low temperatures between the data points and the fits ͑i.e., assuming that the approximation k B Tӷg B H is not valid 29 ͒. However, the quality of the fits did not improve significantly, even not at low temperatures. The failure of the paramagnetic model at low temperatures is a clear indication that the magnetic moments are not isolated but that there must be magnetic interactions present in the alloy.
The magnetic interactions ͑which are more important at low temperatures͒ can be understood as an additional factor in the alignment of the magnetic moments ͑in absence of magnetic interactions the dominant factors are the magnetic field and the thermal disorder͒. From the data points given in Fig. 4 , the antiferromagnetic and ferromagnetic systems can be excluded. In fact, for a ferromagnetic system 1/ is nearly linear down to the Curie temperature and for an antiferromagnetic system, 1/ should present a minimum at the Néel temperature and increase at lower temperatures. [29] [30] [31] On the other hand, the fits given by solid lines were performed by assuming a ferrimagnetic law 1/ϭT/Cϩ1/ 0 Ϫb/(TϪ). 30 As can be observed the resulting fits are much better than the previous ones, in particular at the lowest temperatures. Also the corresponding values, Ϸ9 K, are more realistic. This surprising result indicates that magnetic moments of different magnitudes are aligned antiparallel to each other. This could be due to the existence of clusters having different number of vanadium atoms, i.e., different magnetic moments and that arrange antiferromagnetically. Even though the local magnetic moments reflect the magnetic interactions between magnetic atoms, the XMCD technique is more an ''atomic''-like probe of the magnetic properties than a ''macroscopic'' probe, and it is difficult to go beyond these observations and to conclude unambiguously the magnetic system of the VCu alloy. Nevertheless, these results clearly show that the V atoms feel a magnetic interaction; one that needs to be explored more deeply with complementary experimental techniques and theoretical calculations.
Summarizing, we have presented an XAS and XMCD study of VCu alloy. The deposition temperature of the alloy was found to be a determining factor for the formation of magnetic vanadium species which were evidenced by XAS and XMCD. The temperature dependence of the magnetic moment showed that the vanadium atoms do not follow a Curie-Weiss law but display rather a ferrimagnetic behavior. An extensive experimental and theoretical study will be required to fine-tune the set of parameters for the preparation of the vanadium copper alloys and to understand the magnetism of VCu alloys in order to optimize their properties for possible technological applications. We expect that the present study will stimulate new investigations on this type of magnetic material.
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